ABSTRACT ZEYA, H. I. (University of North Carolina, Chapel Hill), AND J. K. SPITZNAGEL. Cationic proteins of polymorphonuclear leukocyte lysosomes. II. Composition, properties, and mechanism of antibacterial action. J. Bacteriol. 91:755-762. 1966.-A basic proteins fraction from guinea pig polymorphonuclear (PMN) granules was obtained by acid extraction and precipitation with 20% (v/v) ethyl alcohol. The fraction accounted for most of the antibacterial activity of the PMN granules and corresponded to the antibacterial cationic components of intact granules (bands I, II, and III) resolved by zone electrophoresis. Absence from the fraction of components identical to the enzymatic components of intact lysosomes showed that the fraction was essentially free from lysosomal enzymes. The amino acid analysis of proteins in the fraction gave a preponderance of basic amino acids (25 %), especially of arginine (16%). The comparative amino acid analysis showed that the lysosomal cationic proteins (LCP) fraction was markedly different from nuclear histones. The LCP fraction manifested antibacterial activity against certain gram-negative and gram-positive microorganisms, including Candida albicans, and exhibited stoichiometric relationship in its activity. Microorganisms treated with LCP fraction were agglutinated. Anionic substances such as nucleic acids, heparin, and endotoxin effectively blocked the antibacterial activity of the fraction. The LCP fraction caused suppression of oxygen uptake by bacterial cells and damaged the permeability barriers of cells as manifested by rapid release of P32 as well as ultraviolet-absorbing material at 260 m,u, in the supernatant fluid.
The preceding paper dealt with the electrophoretic resolution of the antibacterial activity of polymorphonuclear (PMN) lysosomes, distinct from known lysosomal enzymes. The activity was associated with cationic protein components which migrated fastest towards the cathode ahead of lysozyme and other enzymes.
This paper describes some of the biological and biochemical properties of the lysosomal cationic proteins in relation to the mechanism of their antibacterial activity.
MATERIALS AND METHODS
Preparation of whole granules. The PMN granule fraction was prepared from guinea pig peritoneal exudate cells by homogenization and differential centrifugation as described in the preceding paper (33) . 1 Public Health Service Research Career Development Awardee.
Preparation of ethyl alcohol fraction. Fractional precipitation of acid extracts of granules was carried out according to the method of Ui (30) with modifications. Granule suspension (0.2 ml) in 0.25 M sucrose was extracted with 1.8 ml of 0.2 N H2S04 at 4 C for 30 min. The mixture was then centrituged at 10,000 X g for 10 min to remove the debris. The clear supernatant fluid was transferred to an ice-chilled glass centrifuge tube, and the temperature was brought to -4 C. Absolute ethyl alcohol at the same temperature was added very slowly with constant gentle stirring to a final concentration of 20% (v/v). The mixture was allowed to stand for 3 to 4 hr at -4 C for precipitate formation. The precipitate was then collected by centrifugation at 250 X g for 15 min at -4 C. The precipitate was immediately redissolved in ice-cold distilled water and was dialyzed overnight against changes of distilled water. The dialysate was lyophilized and stored in tightly stoppered bottles at -10 C.
Antibacterial assay. Assay of the 20% ethyl alcohol 755 on October 19, 2017 by guest http://jb.asm.org/ Downloaded from fraction was carried out according to the method of Hirsch (14) .
Paper electrophoresis. Electrophoresis was done according to the method described earlier (32) .
Amino acid analysis. Analysis of 20% ethyl alcohol fraction was carried out according to the procedure of Spackman et al. (26) in an automatic amino acid analyzer. For hydrolysis, 1.5 mg of sample was treated at 110 C with 6 N HCI in evacuated sealed tubes for 22 hr.
The ultraviolet-absorption curve of the fraction was prepared in citrate phosphate buffer (pH 5.6) with a Beckman DB spectrophotometer.
Time buffer (pH 5.6) in 2-ml cups as described earlier (33) . Six rows of such cups containing the fraction were set up. A measured amount of E. coli cells containing 1.5 X 107 bacteria was added to each cup in the first row. The next five rows received a 10-fold decreasing concentration of E. coli suspension, so that the last row received 1.5 X 102 bacteria per cup. The incubation was carried out in the manner described previously. The colonies were examined after 18 hr, and the 50% inhibition end point in each row was recorded.
Effect of anionic substances. Commercial deoxyribonucleic acid (DNA), ribonucleic acid (RNA), heparin, E. coli cell wall, endotoxin, and mucopeptides (streptococcal) were tested for blocking effects against the antibacterial activity of ethyl alcohol fraction.
A measured amount of 20% ethyl alcohol fraction was mixed with varying concentrations of anionic substances and was assayed for its antibacterial effect on E. coli. Controls containing buffer and anionic substances but without antibacterial protein and with buffer and antibacterial substances but without anionic substances were used.
RESULTS
Ethyl alcohol fractionation. Various methods for the fractionation of basic proteins have employed acid extraction (8) because of the acid solubility of such proteins. Among the mineral acids, preference has been expressed for dilute sulfuric acid over HCI, because a large and variable excess of the latter is required for precipitation (30) . Ethyl alcohol has been considered one of the most effective precipitants, besides being mild and convenient (7) .
Extraction of granules for 30 to 40 min with 0.2 N sulfuric acid was sufficient to insure complete lysis of granules and liberation of their content into the suspending fluid. The fraction precipitable from the acid extract with 2D% (*/v) ethyl alcohol was found to be soluble in istlled water and in solutions of acid pH. The fhaction accounted for most of the antibacterial activity and on electrophoresis was resolved into bands corresponding to the antibacterial bands It, II, and M of intact lysosomes (Fig. 1) Amino acid analysis. The amino acid analysis of the ethyl alcohol-precipitable fraction is given in Table 1 . The basic amino acids, arginine and lysine, predominated, constituting 25 % of the total amino acids. Arginine alone contributed almost 16% of amino acids. The acidic amino acids, such as glutamic acid and aspartic acid, comprised 17% of the total amino acids of the proteins. The preponderance of basic amino acids in the 20% ethyl alcohol fraction puts the fraction proteins in the category of cationic proteins. Hence, the proteins in the fraction will be referred to as lysosomal cationic proteins (LCP).
Because of the high content of basic amino acids, the LCP fraction was compared with various histones fractions (Table 1) . A striking difference was revealed in the content of arginine, alanine, and cystine. The LCP fraction contained twice as much arginine as compared with most of the histone fractions. The histone fractions were rich in alanine and lysine which formed a moderate percentage of the amino acids in LCP fraction. Significant quantities of cystine were present in LCP fractions, whereas histones contained little or no cystine. The comparison of amino acid content as well as electrophoretic patterns of histones (not presented here) showed that the cationic proteins of PMN lysosomes were different from nucleoproteins.
The ultraviolet-absorption curve of the LCP fraction is shown in Fig. 2 . The curve showed a peak at 280 m,u, which is normal for purified protein preparations with minimal nucleotide contamination. (Fig. 4) Table 4 where a series of cups containing various concentrations of LCP and a small number of bacteria were incubated for different lengths of time. It was observed that at 15 min only half of the bacterial number was viable in the cup containing 0.31 m,u of LCP per ml, and at 30 min there was complete inhibition in these cups. In cups containing 0.15 m,i of LCP per ml, little inhibition occurred at 15 min, whereas 50% inhibition of bacterial colonies was seen at 30 min, and this inhibition continued unchanged even on prolonged incubation.
Effect of LCP on bacterial respiratory activity. Tissue basic proteins and synthetic basic polypeptides have been reported to inhibit bacterial oxygen consumption (3, 18, 22, 28) . In our study, immediate inhibition of oxygen consumption by bacterial cells treated with LCP fraction was observed starting within 10 to 15 min of incubation (Fig. 5) . The bacterial suspension without LCP continued to consume oxygen in a linear fashion with respect to time. The respiratory activity of treated bacteria continued at reduced rate for 2 hr and then stopped.
Effect of LCP fraction on the permeability of bacteria. In view of the reports that cationic detergents (24) and basic polypeptides such as tyrocidin (16), polymyxin (23) , and plakin (1) damage the bacterial cellular membrane, resulting in the release of cell constituents, the LCP fraction was tested for injurious action on bacterial permeability. Examination of the ultraviolet-absorption spectra of the supernatant fluids from buffered, LCP-containing suspension of E. coli revealed an absorption maximum at 260 m,t (Fig. 6 ). labeled E. coli. As shown in Table 5 , the release of P32 from bacteria treated with LCP fraction was rapid, and was twofold greater than that of untreated bacterial cells. The release of P3 immediately after mixing of proteins with bacterial suspension suggested rapid interaction at the level of bacterial membrane.
DIscussIoN
Guinea pig PMN lysosomes contain bactericidal proteins that possess isoelectric points higher than those of a well-known basic protein lysozyme (isoelectric point, 10.5 to 11.0). Although heterogeneous electrophoretically, the proteins can be precipitated, practically free from lysosomal enzymes, from the acid extracts of PMN granules as one fraction in 20% (v/v) ethyl alcohol. The proteins contain a high concentration of basic amino acids, particularly arginine, and resemble tissue basic proteins in physicochemical and certain biological properties. Basic proteins like histones and protamine are essentially nuclear in origin, but the evidence for the existence of similar substances outside nuclei is not completely lacking. Butler, Cohn, and Simson (6) isolated basic proteins from a microsomal fraction of cytoplasm. That histonelike proteins in ribosomes may be latent ribonucleases was suggested by Leslie (19 The strongly basic nature of the LCP fraction, the rapidity with which it reduced bacterial viability, and its high reactivity with anionic substances indicate that the interaction with bacterial cells involves the formation of strongly electrostatic bonds between the acidic groups in cell components and amino and guanidinium groups of the basic amino acids in the proteins. Rapid clumping of the bacterial cells is yet another evidence of such interaction.
The rapid release from the bacterial cells exposed to lysosomal cationic proteins of P32 and materials having absorption maxima at 260 m,i would indicate that the proteins interacted with and disorganized the structures of bacterial cells responsible for the maintenance of normal permeability barriers. Inhibition of bacterial oxygen consumption and rapid drop in viable count suggest that the cationic proteins damage the cell membrane, and thereby are able to enter the cell and further combine with nucleic acids and intracellular enzyme systems. Evidence has been presented by Becker and Green (2) that histones and protamines enter mammalian cells and combine with nucleic acids. The reaction was followed by an abrupt cessation of incorporation of labeled amino acids into the cellular proteins.
High reactivity of lysosomal cationic proteins with substances carrying an opposite charge limits environmental conditions favorable to their antibacterial activity. In vivo, close proximity may be required between bacteria and the cationic proteins. The situation in phagocytic vacuoles evidently provides an environment sufficiently restricted, and with other conditions suitable for interaction of LCP with bacterial cells. Lysis of granules during phagocytosis and transfer of granular components including basic proteins to bacterial cell wall is well established (13, 15, 29) . The membrane-damaging effect of cationic proteins with consequent nonviability of bacterial cells may be a prerequisite for the degradation of bacteria by lysosomal hydrolytic enzymes in the phagocytic vacuoles.
Currently, it is becoming clearer that PMN leukocytes are not functionally restricted to the role of phagocytosis, but rather occupy a more diverse position in the mediation of inflammatory response and tissue injury (27) . The (17) , and the inability of lysosomal enzymes to produce inflammation in equally low concentration, is significant in view of recent reports in the literature implicating lysosomal enzymes in tissue injury (31) .
Our results show that the specific granules of PMN leukocytes contain certain strongly cationic proteins which by virtue of their unique physicochemical properties are bactericidal to a variety of microorganisms. In conjunction with their capacity to produce inflammation and tissue injury, the lysosomal cationic proteins may constitute an important biochemical determinant in host de fense.
